Cytochrome c oxidases (CcOs) in the respiratory chains of mitochondria and bacteria are primary consumers of molecular oxygen, converting it to water with the concomitant pumping of protons across the membrane to establish a proton electrochemical gradient. Despite a relatively well understood proton pumping mechanism of bacterial CcOs, the role of the H channel in mitochondrial forms of CcO remains debated. Here, we used sitedirected mutagenesis to modify a central residue of the lower span of the H channel, Q413, in the genetically tractable yeast Saccharomyces cerevisiae. Exchange of Q413 to several different amino acids showed no effect on rates and efficiencies of respiratory cell growth, and redox potential measurements indicated minimal electrostatic interaction between the 413 locus and the nearest redox active component heme a. These findings clearly exclude a primary role of this section of the H channel in proton pumping in yeast CcO. In agreement with the experimental data, atomistic molecular dynamics simulations and continuum electrostatic calculations on wildtype and mutant yeast CcOs highlight potential bottlenecks in proton transfer through this route. Our data highlight the preference for neutral residues in the 413 locus, precluding sufficient hydration for formation of a proton conducting wire.
Introduction
Mitochondrial cytochrome c oxidase (CcO) is a member of the A1 branch of the haem-copper oxidase (HCO) superfamily of respiratory oxidases that catalyse the four-electron reduction of molecular oxygen to water, conserving the free energy in the transmembrane proton electrochemical gradient [1] [2] [3] . Electrons are donated by cytochrome c to a dicopper centre (Cu A ) in subunit II and transferred to the O 2 reducing binuclear centre (BNC; composed of heme a 3 and a copper atom, Cu B ) in subunit I via bis-histidine coordinated heme a. Each electron transfer from heme a into the BNC is coupled to the uptake of two protons from the mitochondrial matrix: one pumped proton, ultimately translocated across the membrane, and one substrate proton directed into the BNC [4, 5] . These protons traverse the interior of the largely hydrophobic enzyme along hydrophilic channels formed by arrays of protonatable/polar residues and associated water molecules [6, 7] . Three such arrays, the D, K and H channels, have been identified within subunit I of both mitochondrial (bovine) and bacterial A1-type CcOs [8, 9] . In bacterial A1-type HCOs, a large body of kinetic and mutant data indicates that the D and the K channels provide the route for substrate protons at different stages of the catalytic cycle, and that the D channel provides part of the pathway for all pumped protons [4, 10] . Effects of mutations of channel residues in yeast mitochondrial CcO also support this view [11] [12] [13] [14] . These studies have led to a mechanism with key features as follows [4, 5] : electron transfer from haem a into the BNC is coupled with a proton transfer from E242 (bovine numbering) at the top of the D channel via a gated route into a proton trap region in the vicinity of the bound Mg ++ or Mn ++ ion above the BNC [15, 16] . E242 is reprotonated from the N phase via the D channel. The opposite charges of the trap proton and the BNC electron stabilise each other. However, this electron transfer creates a protonatable site with a high pK a within the BNC which becomes protonated via the K or D channel. This neutralises the negative charge in the BNC, destabilising the trap proton which is driven into the P phase via a gated route that has not yet been well defined.
All A-type CcOs also have a third structure, the H channel [18, 19] , though with some variations, and in the homologous A-type quinol oxidases, such as E. coli cytochrome bo 3 , the majority of hydrophilic H channel residues are replaced by aliphatics [20] . The H channel in Atype CcOs potentially connects the N and P phases, running past the hydroxyethylfarnesyl and formyl substituents of low spin haem a [9] . Structural and functional data from bovine CcO have provided evidence that it provides the pathway for pumped protons both into and out of the trap site in mammalian mitochondrial CcOs (reviewed in [19] ). Specifically, a water/hydronium channel leads from the N phase at D407 via H413 towards haem a, gated by a redox-and ligand-sensitive movement of S382 [19, 21, 22 ] (see Fig. 1 for a comparison of this span in bovine and yeast CcOs). When the BNC reaches the R state (both metals reduced before oxygen binds [4, 5] ), S382 moves into helix X. This opens the channel, enabling four protons from the N phase to move to residues around heme a, and from there to the proton trap site around the bound Mg 2+ via a short pathway involving R438/R439 [23] . The driving force for this accumulation of four protons in the trap site, particularly in the presence of a high protonmotive force, remains difficult to envisage. Nevertheless, it is suggested that subsequent binding of oxygen at the active site to form the oxyferrous intermediate A causes S382 to move out of helix X and block the transfer of protons back into the N phase. Protons are subsequently driven out of the trap into the P phase, one with each of the four electron transfers from heme a into the BNC that regenerate the R intermediate. The proton exit path into the P phase was proposed to run via R438/R439 through the hydrated 'top' part of the H channel that includes the Y440/S441 peptide bond and D51 at the P phase subunit I/II interface [24] . In this model of proton pumping, the substrate protons are still transferred via D and/or K channels, but they do not electrostatically influence the pumped protons in the trap, in contrast to the model described above.
Experimental testing of H channel function in mammalian CcOs is challenging, particularly because of the difficulty in generating welldefined mutants for direct functional, biochemical and biophysical studies. We have addressed the issue with atomistic molecular dynamics (MD) simulations of bovine CcO [25] . We showed that the lower part of the H channel around H413 could not hydrate sufficiently to form a proton-conducting pathway unless H413 could form its charged imazolium (q = +1) state, which appeared unlikely based on its predicted pK a [25] . However, issues remain as to whether an electrostatic interaction with heme a could raise the pK a of H413 when heme a becomes transiently reduced to enable proton transfer, or whether alterations around locus 413 could influence heme a properties and hence catalytic turnover. In this work, we focus on the same lower span of the H channel of yeast CcO, which is structurally very similar to that in bovine CcO (Fig. 1 ). Whereas a histidine occupies locus 413 in both bovine and bacterial CcOs, in yeast it is a glutamine (Q413; Fig. 1 ). To further characterize this region, we constructed and experimentally investigated several yeast CcO Q413 mutants and performed microseconds of atomistic MD simulations and continuum electrostatic calculations on yeast CcO model systems. The goals were to examine its hydration level in relation to a possible proton transfer route and to test whether interactions could occur between heme a and protonatable residues introduced into the 413 locus. The exchange of Q413 to polar and potentially charged residues H, K or E had no major effect on the enzymatic activity or on the redox properties of heme a and MD simulations confirmed the poor hydration of the region and the preference for neutral forms of all residues in the 413 locus, as in bovine CcO. Overall, these data show that this lack of net charge at locus 413 (Q413 in WT yeast CcO, neutral H413 in bovine CcO), regardless of the heme a redox state, precludes sufficient hydration to create an Hbonded pathway for proton transfer from the N phase towards haem a and the onward connectivity into the proton trap region.
Materials and methods

Yeast mutant constructs and mitochondrial membrane preparation
Yeast extract was purchased from Ohly GmbH, Germany. All other reagents were purchased from Sigma Aldrich. Yeast Saccharomyces cerevisiae strains were constructed from a modified strain W303-1B (Alpha ade2 HIS3 leu2 trp1 ura3) that expressed wild type CcO with a 6his tag sequence attached to Cox13 for ease of CcO purification. Protocols for construction of mutant forms of CcO with single point mutations of Q413H/K/E/L in the mitochondrial DNA-encoded subunit Cox1, growth of the yeast cells in galactose-containing medium and preparation of mitochondrial membrane fragments were as detailed in [13] . Mitochondrial membranes were stored at −80°C in 50 mM potassium phosphate, 2 mM potassium EDTA at pH 7.4.
Turnover numbers of mutant strains
CcO concentrations were measured from sodium dithionite-reduced minus oxidised difference spectra at 604-619 nm with an extinction coefficient, Δε, of 26 mM −1 .cm −1 (based on values for 606-621 nm of bovine CcO [26] ). Steady-state oxygen consumption rates were measured in a stirred reaction vessel of a Clark-type O 2 electrode at 25°C. Assays were carried out using mitochondrial membranes containing 2-10 nM CcO in 10 mM potassium phosphate at pH 6.6, 50 mM KCl, . Key H channel residues H413 (bovine)/Q413 (yeast) are shown in red and other amino acids that face the H channel pore are shown with atom-based colouring -red, oxygen; blue, nitrogen and white, carbon. Crystallographically-defined water molecules in this region of bovine CcO are shown as red spheres. See also Fig. S1 for comparison of the yeast CcO homology model and its structure in the recently solved cryo-EM model of the yeast III 2 IV 2 supercomplex [17] . 0.05% (w/v) DDM, 2 mM sodium ascorbate and 40 μM TMPD [27] . A baseline was measured in the absence of cyt c and the reaction was initiated by addition of 50 μM cyt c. Turnover numbers and rates are expressed in terms of the number of electrons transferred from cyt c per second per CcO (e.s −1 ).
Redox potential determinations
Redox titrations of the 604 nm heme components (with approx. 80%/20% contributions from hemes a and a 3 , respectively) were performed essentially as outlined in [28] . A buffer containing 0.1 M potassium phosphate, 1 mM EDTA and 50 μM riboflavin at pH 7.5 was bubbled with argon for 5 min before adding 2.5 μM horse heart cytochrome c, 0.05% w/v UDM and mitochondrial membranes to a concentration of~0.25 μM CcO. The sample was maintained anoxic under an atmosphere of argon. The fully oxidised state was established by addition of 25 μM potassium ferricyanide. Stepwise reduction of the sample was achieved by photoreduction of riboflavin with series of flashes from a xenon flashlamp (EG&G FX-200; 15 μF/flash), delivered to both sides of the cuvette via lightpipes. After equilibration at each step, ambient potential, E h , was calculated from the fractional reduction of cytochrome c at 550-542 nm using a midpoint value of +255 mV versus SHE. Full reduction was achieved at the end by addition of 2 mM sodium ascorbate. Fractional reduction of the 604 nm band was determined as the size of the 604 nm peak relative to the weighted average of reference points at 590 and 618 nm. A correction was made for the small contribution of cytochrome c at this wavelength triplet by subtraction of 0.0134 of the 550-542 nm absorbance change. For ease of comparison, data were approximated with a pair of equal sized n = 1 Nernstian components, though the detailed behaviour of this multicomponent interacting redox system is more complex [28, 29] .
Computational methods
We performed MD simulations on a small model system (core subunits I and II) of yeast CcO using coordinates predicted by homology modelling using bovine CcO coordinates [30] . During manuscript prepartion the structure of yeast CcO was resolved as part of the supercomplex [17, 31] . See Fig. S1 for comparison between the homology model and the recently solved structure. Q413 of yeast subunit I (equivalent to H413 of bovine CcO) was altered (see Table 1 ) to H, K, E or D to represent the yeast CcO variants generated by site-directed mutagenesis (see above). A lipid-protein-solvent system was constructed using CHARMM-GUI and associated tools [32] . The protein model systems were embedded in a pure POPC lipid bilayer. All redox active components were modelled in their oxidised states using force field parameterization of Johansson et al. [33] . The high spin heme a 3 was ligated by a water molecule, and Cu B with a hydroxide and with the catalytic tyrosine (Y245) in its anionic state [34] . Standard protonation states were used for all other amino acids, except subunit I residues E243, K319, and D364, which were patched neutral. CHARMM NTER and CTER patches were used, respectively, for all the N-and C-terminals and, CHARMM force fields were used for the protein, membrane, water, and ions [35, 36] .
An energy minimisation procedure was used for the constructed systems (2 × 50,000 steps with maximum force < 1000 kJ mol −1 nm −1 ) before running a short equilibration run (0.2 ns). Berendsen barostat [37] and Nosé-Hoover thermostat [38, 39] were used during the equilibration. GROMACS software [40] was used for all the MD simulations. By constraining bonds associated with hydrogen (using LINCS [41] ) a time step of 2 fs was used. During production runs, Parrinello-Rahman barostat [42] and Nosé-Hoover thermostat were utilized. The simulation lengths are given in Table 1 . Simulation trajectory analysis and visualization was performed with VMD software [43] . pK a calculations were performed on simulation snapshots using PROPKA software [44] .
To complement and consolidate our homology model-based MD simulations (Table 1) , we performed additional simulations on a two subunit (I and II) model system constructed from the recently solved yeast CcO structure [17] with redox centres modelled in fully oxidised and in fully reduced states (see Table S1 for model systems and their simulation lengths). The oxygenous ligands of metal centers in the fully oxidised state were modelled as described above, whereas in the fully reduced state high spin heme a 3 and Cu B were modelled without oxygenous ligands and catalytic Y245 in its neutral form. The protonation states of all other amino acids were as described above.
Results
Effects of yeast CcO Q413 mutations
Strains of yeast with point mutations of its CcO subunit I residue Q413 mutated to L, H, K or E were grown in a respiration-dependent ethanol medium in order to assess respiratory chain competence and efficiency (Fig. 2) . In all cases, exponential phase growth rates and maximum cell densities were similar, showing that the whole cell respiratory chain activities and their growth efficiencies were not affected by the mutations and hence there are no indications of defective activity or proton pumping.
Table 1
Model systems and simulation lengths. Subscript 'p' and 'n' denote protonated and neutral forms of residues, respectively. Growth curves of WT and Q413 mutant yeast strains. Yeast WT and mutants were grown overnight on YPD plates (yeast extract 1%, peptone 2%, glucose 3%). Freshly grown cells were then inoculated at an initial OD 600nm of 0.3 in YPE medium (yeast extract 1%, peptone 2%, ethanol 2%) and cultivated at 28°C with vigorous agitation. Cell densities were measured as OD 600nm . Diploids were used for the growth measurements. For large batch cultures, cells were grown on YPGal medium and mitochondrial membranes were isolated as described in [13] . For all mutant strains, yields of mitochondria were similar. Reduced minus oxidised difference spectra were used to quantitate the levels of assembled respiratory complexes III and IV (CcO). The level of complex III per milligram of mitochondrial protein is always fairly constant in different CcO mutant strains. The levels of expressed CcO relative to Complex III were around 0.3-0.35 in WT and Q413H and 0.2-0.25 in the Q413E and Q413K variants. In all cases, the peak position of the heme A (largely representing heme a) in reduced minus oxidised difference spectra was the same as the WT at 604-5 nm, with no distortions or shoulders. Furthermore, all variants had turnover numbers similar to the WT value of~1000 e.s −1 under the conditions of measurement. Overall, these data indicate that there could not have been a major structural or functional perturbation caused by these mutations.
It was of interest to determine whether changes at the Q413 locus could influence the midpoint potential of heme a, since a strong coupling would indicate that reduction of heme a could significantly raise the pK of a group in this locus. Redox titrations were performed as described in Methods. The major contributor to the 604 band is heme a (80%), with the remaining 20% arising from heme a 3 [26] . Both hemes titrate together, and redox interactions between them cause both to titrate in a complex manner with a high potential wave when the other heme is oxidised and a lower potential wave when the other heme is reduced. For comparative purposes, an approximate fit to the data was made with two n = 1 Nernstian components of equal size (Fig. 3) , although the overall behaviour of the system is more complex, involving additional redox interactions with Cu A and Cu B [28, 29] . An approximate fit to the WT data could be made with potentials of 320 mV and 245 mV (solid line in Fig. 3) , representing primarily the high and low potential waves of heme a and are consistent with published data [45] . These heme a E m s were little affected in the Q413H and Q413K mutants, and decreased only slightly by −15 to −20 mV in the Q413E mutant. Hence, there appears to be no strong electrostatic interaction between heme a and the residue at the 413 locus. Since the structure between heme a and the 413 locus is overall similar in yeast and bovine CcOs (Fig. 1 ), this indicates that there is also unlikely to be any large pK upshift of bovine H413 on heme a reduction, in agreement with our earlier calculations suggesting a mild increase in His413 pK a by about 1-2 pK units on heme a reduction [25] . The distance from H413/Q413 to the macrocycle edge of heme a is~13 Å (16.4 Å to heme a iron). If point charges were introduced at these distances with an intervening medium of dielectric constant of 4, large negative interaction energies of approx. 280 and 220 mV respectively would be predicted from the Coulombic electrostatics (V = q 1 .q 2 /(4πε r ε o r) where q 1 = q 2 = 1.6 × 10 −19 C, ε r = dielectric constant of intervening medium, ε o = vacuum permittivity = 8.8542 × 10 −12 C·V −1 .m −1 and r = distance in m). The effective dielectric constant would have to be > 40 to reduce the interaction energy below −20 mV, which is unlikely given the structural details (Fig. 1) . Instead, the small shifts indicate that the charge change on heme a is delocalised and counterbalanced by surrounding protein and water dipole adjustments as our prior simulations have suggested [25] , and/or the altered residues are present in their neutral forms regardless of heme a redox state.
MD simulations of yeast CcO
MD simulations on the yeast WT CcO homology model with glutamine (Q) at position 413 indicate that there is insufficient hydration to form a protonic connection from the N phase at E407 towards A461 and the H channel residues around heme a (Fig. 4) . Hence, as concluded previously for bovine CcO [25] , proton transfer through this span by formation of an H-bonded wire appears improbable. Only when a charged residue replaces Q413 does this span gain additional water molecules to potentially create such a pathway. This is illustrated in Fig. S2 , where replacement of Q413 with anionic (q = −1) aspartic acid, but not its neutral form, promotes an increased hydration that might provide such a pathway. The possibility of formation of such a water-facilitated proton path is explored in more detail in Table 2 . This compares estimated pK a s and the simulated hydration states for residues Q, H, D, E and K at position 413 in their charged, uncharged and tautomeric forms. In the simulations of H, K and D in their neutral states, they remain buried in the hydrophobic protein interior, away from the solvent phase at the N side. In these cases, the pK a calculations indicate that the uncharged state of the residue is stabilized and hydration between it and A461 remains low as is the case for WT Q413 ( Table 2) . Only when H and D substitutions are modelled in their charged states is increased hydration between it and A461 observed (D shown in Fig. S2 ). Interestingly, a different behaviour is observed when the charged state of the longer sidechain of K (and E) is modelled; it is able to reorient 'downwards' towards E407 where it is less buried and tends to recruit water molecules towards E407 and the N phase, though the span towards A461 remains poorly hydrated (Fig. S3 ). This results in a high pK a of ca. 9.5 ( Table 2) which stabilizes its charged state in this orientation. In simulation snapshots in which protonated K has not bent downwards (> 70% buried), pK a estimates are downshifted to ca. 7-8, favouring its partly neutral state, similar to the pK a estimates for the neutral K simulations where the sidechain always remains buried and less hydrated ( Table 2 and Fig. S3 ). Microseconds simulations on the wild type and mutant models constructed from the recent structure of yeast CcO [17] , with redox centres fixed in the fully oxidised or fully reduced states, further consolidated our findings from the homology model-based MD simulations (see Tables S1, S2 and S3) .
Q413 (WT) Q413H
Importantly, two main conclusions emerge. First, we find that the neutral protonation states of titratable residues are stabilized at the 413 locus, which does not facilitate hydration of the lower span of the H channel. This is also the case for the WT where neutral Q is at this locus ( Fig. 4) . Second, the flipping and stabilization of the charged form of K or E ( Fig. S3 and Tables 2, S2 and S3) towards E407 and the N phase also results in water occupancy of the span towards A461 that is insufficient for formation of a proton-conducting water wire. Overall, the simulation data are consistent with the experimental measurements showing that mutations of Q413 to H, K or E have no strong effect on heme a midpoint potential (Fig. 3) , indicative of weak electrostatic coupling between the residue at position 413 and heme a and supporting the view that these residues do not form their charged states. Together with their lack of effects on oxygen reduction rates or cell growth efficiencies, the experimental and simulation data are overall consistent with the conclusion that this span does not provide the pathway for redox-coupled proton pumping in yeast CcO.
Discussion
Earlier we showed based on large-scale atomistic MD simulations that the upper (D51, Y54/, Y371, Y440 and S441) and middle (R38, T424, S454 and S458) parts of the proposed H channel in bovine CcO (connecting the region around heme a to the P aqueous phase) are sufficiently hydrated to create a possible proton transfer pathway towards the P side of the membrane [25] . However, this was not the case for its lower section that connects the N phase at D407 with the region up to S382/S461 and heme a. Specifically, with the centrally-placed H413 (see Fig. 1 ) simulated in a neutral singly-protonated (HSD) state, we did not see sufficient hydration to form a route for rapid proton transfer. Only when H413 was doubly protonated (imidazolium; q = +1) did additional hydration occur both above and below it to increase possibilities for protonic connectivity from the N phase to the middle and top spans of the H channel. However, continuum electrostatic calculations showed that the pK a of H413 was too low (pK a ≤ 5) to favour its imidazolium form, hence bringing into question a possible proton pathway function of this span. Here we report simulations of this region of yeast mitochondrial CcO with several of the amino acid substitutions of its 413 locus that have been also been analysed experimentally by performing activity and redox potential measurements. The goal was to estimate its hydration level in relation to possible formation of a proton-conducting pathway and to test whether a strong electrostatic interaction could exist between this locus and heme a.
An extensive set of mutations have been introduced previously into the K, D and H channel regions of yeast CcO [13] . Effects on coupling ratio of a vesicle-reconstituted enzyme with four mutations in the H channel suggested that, like bacterial CcOs, coupling efficiency was not perturbed by such H channel interference [11] . Coupling efficiencies in yeast CcO with mutations of single residues in all three channels were also made by measurement of 'classical' H + /O ratios in intact mitochondria [12, 14] from state 3/4 transitions induced by ADP additions [46] . These confirmed the lack of H channel mutant effects and also showed that mutations in the D channel had effects similar to those found in bacterial CcOs, including uncoupling of proton translocation from oxygen catalysis in an N99D channel mutant whose bacterial equivalent (N139D in R. sphaeroides CcO) has the same effect [47, 48] . The mutations of yeast CcO H channel residue Q413 reported here also failed to affect growth efficiency or turnover rates and introduction of potentially charged residues had little effect on the measured midpoint potential of heme a, suggesting weak electrostatic interaction between it and the residue in the 413 locus. The simulations of the homologymodelled structure of yeast CcO, as well as of models constructed from a recently-published cryo EM structure [17] provide further consistent data in this regard. The WT enzyme has a neutral glutamine residue at key locus 413. In this case, hydration above and below it is insufficient to create an H-bonded pathway for proton transfer. Modelling of histidine (or aspartic acid) at this locus increased hydration but only if simulated in its charged form. However, the pK a estimates (Tables 2, S2 and S3) indicate that uncharged forms of residues, and hence low hydration, is the preferred state. Introduction of glutamic acid or lysine in their uncharged states had the same effect; however, the flexibility of their longer sidechains allowed their charged forms to orient more towards E407 and the N phase leading to the recruitment of waters towards E407. Notably, this stable 'downward' conformation still resulted in poor hydration above 413 locus and hence a major bottleneck for proton transfer through this route. Overall, the experimental and simulation data reinforce the conclusion that this channel in WT yeast CcO cannot provide a proton pathway, that the site anyway favours an uncharged residue, and that there is little electrostatic interaction Table 2 Average pK a , no. of water molecules and solvent exposure of amino acid at position 413 in yeast CcO simulations a .
Model systems pK a of amino acid residue at 413 position ( ± std. dev.) # Water molecules within 5 Å of residues at positions 461 and 413 ( ± std. dev.) Buried (%) Q (q = 0) -1.00 ± 0.65 -H δ (q = 0)
3.75 ± 0.24 0.05 ± 0.05 83 H ε (q = 0) 4.28 ± 0.65 1.13 ± 0.68 69 H p (q = +1)
3.89 ± 0.53 2.28 ± 0.98 80 D (q = −1)
4.88 ± 0.47 (6.14 ± 0.31 with > 70% buried) 3.73 ± 1.51 55 D p (q = 0) 6.43 ± 0.29 0.89 ± 0.41 67 E (q = −1) 6.28 ± 0.47 0.59 ± 0.60 63 K (q = +1) 9.47 ± 0.96 (7.92 ± 0.75 with > 70% buried) 0.80 ± 0.63 25 K n (q = 0) 7.10 ± 0.51 0.45 ± 0.80 93 a Average is calculated based on simulation snapshots selected every 20 ns. Buried (%) reveals how buried a charged residue at position 413 is in the hydrophobic interior of protein and is a measure of the percentage of the surface of the residue that is inaccessible to solvent, averaged from all snapshots. Subscript 'p' and 'n' denote protonated and neutral forms of residues, respectively.
between residues placed at this locus and heme a. This latter point is relevant to bovine CcO which has a histidine in the 413 locus. A strong electrostatic interaction with heme a could stabilise its charged imidazolium state that we have proposed is a prerequisite for a hydrated proton pathway [25] ; the overall similarity of the bovine and yeast structures in this region ( Fig. 1) argues against such an effect. For both bovine and yeast CcOs, the question remains as to whether this section of the H channel could play a possible role of a dielectric well role. The lack of large electrostatic interaction between the 413 locus and heme a, together with the lack of observed redox-or ligand-induced structural effects tends to argue against this and instead the upper, more conformationally flexible span of the H channel may well be a more suitable candidate for transmission of allosteric effects to modulate heme a properties and influence catalytic parameters. Such control by other elements such as accessory subunits or small molecule binding will require further experimental investigation.
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